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Abstract

Woc describe a high-speed optical wide area network (WAN) architecture called the multi-cylinder
ShuffleNct (MCSN). Its basic topology is a recirculating snuffle exchange network with an all-opti-
cal data path from sourceto destination. The network capacity and performance isimproved by aug-
menting it with multiple parallel copies of the original topology called routing cylinders. Packets
arc dynamical] y stored within the switching nodes and links of the network, and congestion control
within the network is handled by routing blocked packets onto aternative, routing cylinders. The
architecture is easily scalable and is designed for bit-synchronous, packct;asynchronous traffic,
meaning that incoming packets nced only be reclocked for bit alignment but not packet alignment.
The network utilizes a simple distributed control scheme which matches the rate at which packets
can b-e input into the network to the rate at which packets can be transmitted through the network
(without congestion), and may bc built using current electronic and/or optical/electrooptic technolo-

gy. Simulation results which demonstrate these features are given.



1 Introduction

Optical interconnection networks offer the potential for bandwidth in the tens to hundreds of giga-
bits/sec over a given data path. Their primary limitation is that complex logic, data buffering and
routing is difficult to perform in the optical domain. Our goal is to perform these functions as fast
as possible while maintaining the data in all-optical form as much as possible to avoid electronic/op-

tical conversions.

Current optical communication networks fall into two basic categories. i) aring or bus topology with
fiber interconnects; and ii) circuit switched networks with optica point-to-point data paths and elec-
tronic paths within switching nodes, A ring or bus topology is simple to implement and maintains
datain optical form whilein the network, but has only one data path for all communications. Circuit
switched networks have many paths, but the data rate on each is limited by optoelectronic conver-

$10NS,

As computational and communications demands increase. such networks are inadequate to handle
future traffic loads. In order to meet ever-increasing bandwidth requirements, we describe a network
architecture that is suitable for optical implementation because routing decisions arc simple local
operations, and buffering is done by fiber loops and fiber inter—node connections, The network is
composed of an interconnected set of switching nodes arranged in a Multi-Cylinder ShuffleNet
(MCSN) topology that addresses many of the implementation issues while providing good perform-
ancc characteristics through scalability of the network. The emphasis here is to keep the control
mechanisms simple by designing scalability into every aspect of the network architecture. We begin

by defining some relevant terms used in this work.

11 Terminology




A switching node of the network consists of J ph ysicalinput ports and J physical output ports and
IS used to route data through the network based on the packet header. A host refers to a device which
can transmit and/or receive packets from a switching node of the network. Theinput bandwidth of
aswitching node is the maximum rate that packets can be transmitted from a host to its associated

switching node. The output bandwidih is the maximumrate that packets can be sent from a switching

node to its associated host.

Woc define arecirculating network as a network topology in which any switching node of the network
can transmit packets to any other switching node of the network (although some packets may travel

through intermediate nodes to reach their destination). We further define asuperset network archi-
tecturc as multiple copies of arecirculating network topology. Additionally, these copies share a

common set of nodes to allow packets to route between the copies.

S
A packet asynchronous system does not require that packet headers (and thepacketithemselves) be
synchronized in time. While the architectures described here arc packet/\asynchronous, they do re-

quire bit synchronous data, i.e., bitsflowing through the network are clocked synchronoudly through

the switching nodes.

A network protocol defines the rules in routing a packet through a network. A store-and-forward
protocol avoids misrouting @ header or packet by storing the header or packet in memory until the
desired path is available. A defection protocol never storcs a header or packet and results in amis-

route or deflection of the header or packet through another path if the desired path is not available.

A network is called circuit switchedif a path from a source to a destination must be established before
any datais sent. A network is packer switched if no path setup is needed and routing is based only

on the packet header and locd traffic conditions.

1.2 Signal Format




We define adata packer as an indivisible unit of information which may exist as a seria time signal
or wavelength-parallel signal as shown in Fig. 1. A serial packet shown at the top of Fig. 1 consists
of an n-bit binary packet header; a d-bit payload or data for this header; and as-bit trailer marking
the end of the packet. The header contains the address of the desired destination host. A message

contains the total communication from a source host to areceiving host and is defined as a sequence

of packets.

The serial packet format is suitable for packet switched networks which can handle long duration «

A
packets. These networks work best when there are buffersin the switching nodes for storing packets

that are blocked due to output port contention [1],[2]. For al-optica data path networks, such buffer-

ing capability is not currently available at high data rates.

In order to reduce the probability of packet deflections within the network, it is desirable to reduce
the packet duration by parailclizing the header, data and trailer information as shown in Fig. 1. For
an all-optical data path network, this scheme is realized by using a wave.length-parallel or wave-
length division multiplex (WDM) format in which the » header bits arc encoded at Ay, the d data
bits arc encoded at 41 through Ax, and the clock is encoded at Ac. The duration of one bit is defined
asatime dlot, and three clock pulses (time sots) which would correspond to a thrcc:\bit header arc
shown as an example a the bottom of Fig. 1. The start and stop bits mark the boundaries of the packet
and arc encoded as double intensity clock pulses at A¢. In this WDM implementation, the trailer bits
arc not used, and their role is served by the start/stop hits. This packet format simplifies thc mainte-

nance Of internal switch states within a switching node for the duration of the packet.

The packets shown in Fig. 1 \are rapidly routed on the fly based on the packet header. The amount
€.
of data which can be transferred in a single packet depends on the size of a data word and the total

number of data words (i.e. wavelengths) used for uansmitt ing data. If a message cannot be encapsu-
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lated into one packet, the source host generates enough packets with similar headers to transmit the

entire contents of the message. These packets are sent in aimc/‘\scqucmial fashion until the last packet*

is transmitted to the network.

The remainder of this paper is organized as follows. Section 2 describes the desired optical network
protocol. Section 3 reviews various network architectures suitable to this protocol. Section 4 dis-
cusses the multi-cylinder SN and its internal routing agorithm. Section 5 presents simulation results

for the single and multi-cylinder SN configurations. Conclusions are given in section 6.

i 2 Optical WAN Protocol
’Aﬁ%ﬁti@é@@resents several constraints to the system designer due to the lack of static optical *
A

storage and the geographic extent of the network. These constraints are: i) packets from geographi-
cally distributed sources cannotbe synchronized; ii) retiming of optical packets isdifficult; iii) pack-
ets must be stored dynamically within the pathways of the network; iv) packets must be large enough
to encapsul ate several bytes (i.e. greater than afew bits); and v) the flow control mechanism cannot
usc aglobal request/acknowledge becausethe latency of « WAN with gigabit/see dataratesis on the
order of milliseconds. The short packet protocol and network architecture described here specifical -
ly addresses these issues and accommodates deflection routing and load imbalances without the usc
of aglobal control mechanism. The remainder of this section discusses the desired network protocol

and architectural issues for the proposed network.

21  General Network Protocol Issues

Constraintsi) through iii) listed above result in asynchronous packet traffic flowing through the net-
work. If apacket requires a data path currently in use, the packet cannot be stored until the path is
available but instead must be routed through an al ternative path. Thus, our deflection protocol must

be capable of handling asynchronous packet traffic. Constraintsiv) andv) arc aresult of the Jack
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of buffering in an optical WAN, Instead of u sing input and output buffers in the network switching

nodes, we usc shor)furati on packets to reduce the blocking, probability y within the network [1],[2]. *

The MCSN network protocol combines several advantages tomaximize WAN performance with
reduced physical complexity. It uses deflection routing to avoid buffering and simplify the hard-
ware, a wavelength division multiplexed (WDM) packet for mat to utilize fully the optical link band-
width, and asynchronous packets like that used in asynchronous transfer mode (ATM) networks.
Thus, these networks route on the fly using the packet header, with no path setup or tear down, to

avoid the need for a globa request/acknowledge mechanism.

However, the protocol requires that traffic patternimbalances for a sustained period must becon-
trolled by some form of source throttling at the inputs to the network [3], [4] and bandwidth aug-
meniation a the outputs of the network. The former implics regulation of the rate at which various
sources can input traffic into the network based on cxpected traffic statistics. The latter means that
allowablebandwidth from a switching node to its associated host must be greater than the bandwidth
from ahost to its associated switching node, This augmentation is realized by using additiona ports

to transmit packets from a node to its host.

3 Recirculating Architectures
In this section wc discuss two basic optical packet network topologies as an introduction to the

MCSN concept. Reference [9] has additional background on related networks.

31 Manhattan Street Network
The Manhattan Street Network (MSN) isagrid of crossbar nodes connected in @ mesh topology with
unidirectiona links. Adjacent rows and columns are oriented so that data flows in opposite direc-

tions Similar to the. one-way streetsin Manhattan [ 1]. The w@around links at the edges forma log-
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ical torus[1]. In this recirculating architecture, each node is a 3x3 crossbar with a pair of 1/0 ports

used to connect a host to each node as shown in Fig. 2.

The MSN is highly connected in the sense that there are multiple paths having the same number of
links between nodes, and this property may reduce the number of packet deflections by providing
aternative paths without increasing the number of linksto be traversed [1]. In addition, the penalty
for a deflection is never more than four links since a packet can go “around the block” [1]. Also,
the number of turns required toreach a destination is never more than three [ 1 ]. As the network grows
in size, the probability that a packet must tum decreases, which also decreases the probability of

deflections [1]. Finally, if a packet is deflected, it can use either output link at the next node to “go
around the block” [1].

Rather than trying to minimize the extent of the network, this architecture maintains a high degree
of regularity in the topology. This approach reduieﬁ the probability of’ a deflection at the expense
of increasing the shortest paths in the network. [1]

A

lization and reduces the maximum network throughput [1 ].AIIcncc the generic MSN is a compromise

increasing the path lengths increases the linkuti-

between reducing the effect of deflections and network throughput.

32  ShuffleNet
The ShuffleNet (SN) [5], [6] is based on the omega or multistage shuffle exchange network. The

omega network is unidirectional and consists of a cascade of k stages of 2x2 crossbar switching
nodes. Figure 3 shows an example of m;/i%—stagc (k=3) omcga network. Data from 2% host devices
enters from the left side of the network and undergoes a shuffle operation between switch stages
[7],[8]. Each stage of a k-stage omega network has 2%-1 2x2 switching nodes for atotal of k241
switching nodes with 2“input lines incident at the first stage ports. After k switch stages, data

emerges from the 2 output ports.



The SN is defined by using k stages of 2‘switching nodes per stage, with a perfect shuffle intercon-
nection between stages, and connecting the outputs of this modified omega network to the inputs
to realize arecirculating topology. In addition, each 2x2 crossbar node is replaced by a 3x3 crossbar
node, so that the added input and output ports at each node are connected to a separate host (proces-
sor) as shown in Fig, 4. Fork stages of switching nodes, the total number of switching nodes for the

SN topology is k2% [5], [6]. An example is shown in Fig. 5 for an 8-node (k=2) network [1],[5],[6].

This topology minimizes the maximum path length of any two-connected network [ 1], [5]. That is,
the maximum number of hops needed to route a packet from a given source node to an y destination
node is minimized, where a hop corresponds to passage of the packet through an intermediate node
while routing to the destination node. The penalty paid for this characteristic is that a deflection due
to contention can result in an increase of k extra hops for a k-stage SN [6]. Consequently, efficient
utilization of the SN topology requires avoidance of packet deflections, Augmentation of the SN

topology to avoid packet deflections is the main focus of this work.

4 Topological Considerations

W first define several terms that arc useful in discussing the effects of net work topology on network
throughput. The term capacity denotes the number of hits of information that can be transferred per
unit time through a link or group of links. The input capacity of a network is defined as the sum of
the input data rates from all hosts on al ports to their respective switching, nodes in the network. The
internal network capacity is the aggregate data rate of all links within the network without regard

to possible packet deflections and output port contention,

The MCSN architecture was developed with scalability being the most important design require-
ment. One way of increasing the internal network capacity with respect to the input capacity is to

increase the number of SN switching nodes while keeping the number of host connections fixed.
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Figure 5 shows an 8-node SN with al eight switching nodes connected to host devices. Here, we

could add one or more additional stages of switching nodes that have no host devices connected.

While this approach may alleviate some congestion problems, it does not scale the basic SN topolo-
gy of section 3.2 in an optimal way to increase network capacity. Because deflected packetsin a k
stage SN may incur an additional k hops in reaching their destination, increasing the number of
stages of switching nodes (and therefore k) resultsin alarger penalty for a packet deflection. Thus,
adding network stagesin thisway helps only if packet deflection is avoided. If network “hot spots’
exist and result in packet deflections, the end result is to increase the latency of deflected packets
dueto the additional stages. In contrast, the MSN topology is better suited to this form of scaling
due to the minimal penalty associated with packet deflections. However, this characteristic is real-
ized at the expense of increasing the average path length (as defined by the expected number of hops)

between nodes [1].

4.1 Multi-Cylinder ShuffleNet
Another way to improve performance is to paraliclize the interconnections between the nodes

around the cylinder of aSN to rnakc a multi-cylinder ShuffleNet (MCSN). A routing cylinder is de-
fined as a set of node-to-node links that provides the perfect shuffle interconnections between stages
of nodes in the SN. An R-cylinder MCSN has Rparallel perfect shuffle interconnections between
stages Of nodes in the SN, rather than only one interconnection. Thus an 8-node, R-cylinder SN is
topologically equivalent to the single-cylinder SN in Fig. 5, but each node--to-node link is expanded
to R physical data ports. Figure 6 shows a general MCSN node. Here wc expand the number of ports
at each node as shown in Fig. 4 so that therc arc atotal of 2R network input ports and 2R network

output ports as shown in Fig. 6. In addition, there maybe Q input and output ports for internal recir-




culating links within anode, and a total of H output ports to an associated host for increased band-

width. We keep the number of host input ports at one.

This MCSN node internally uses a Permutation Engine (PE), which is a scalable strictly non-block-

ing crossbar mesh topology containing asimple distributed internal routing control mechanism. PES
are described in detail in Ref. [9], PEs perform non-blocking routing with bit-synchronous but pack-
ct-asynchronous data (incoming packets must be bit-aligned but need not be packet-aligned). For
the R-cylinder SN, the PE switching nodes also provide dynamic routing of packets between SN
cylinders. This approach alleviates packet congestion associated with a single-cylinder SN by rout-

ing blocked packets onto aternative routing cylinders to avoid packet deflections.

Thus, the total number of input data ports for the MCSN node in Fig. 6 iS2R+Q+1, and the total
number of output data ports is 2R+Q+H. The PE isdesigned with an equal number of inputs and
outputs, thus H-1 unused input ports are |eft free. By using H data paths from the node to its host,
we alow for up to Hother hosts simultaneously to send packets to this host on a steady-state basis.
By connecting Q output data paths to Q input data paths, packets which are initially blocked from
the host at the destination node can try again without recirculating through the whole MCSN. The
emphasis of this design approach is to avoid packet deflections at the expense of increasing the mean
routing delay for the augmented MCSN. As we show in section 4.2, this extra delay does not de-

crcasc the network capacity.

4.2 Network Analysis

To analyze the performance of this network, we define severa variables: R is the number of parallel
SN cylinders, and Nis the total number of SN switching nodes. We also define ty; as the header detec-
tion/decoding delay time, ;) as the node routing delay time, and 1;, as the internode link delay time.

For simplicity, al delaysare measured in units of simulation rime slots, corresponding to the dura-
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tion of one bit time in a packet as shown in Fig. 1. Packets maybe stored within the switching node
fabric and in the data paths between nodes, thus atotal of RN(zy+1p+1;) time dlots are available to

store packets in the network in anon-blocking fashion.

Finally, we definezp as the packet length, measured in units of simulation time slots per packet. We
alow for one additional time slot for the dead time between packets. This sum zp+ 1, isthe average

number of dots between packet injections from a host to the network.

Given these parameters, we define the non-blocking network packet storage Sunp as the total number
of packets that can be stored in the network without contention for the output ports of the switching
nodes. It is given by adding the header, node routing and internode dela y times, multiplying this sum
by R (counting the output data paths) and by N (the total number of SN nodes). Dividing the quantity
by 7p+ 1 gives

RN(,; + 1 + T1)

Spnp = ackets . (1)
nne (IP “)f‘ 1 ) p

Wc now define the variable E,,. as the average number of hops needed to route a packet from a given

source node to a given destination node. From [5], the average number of hops in the SN topology

IS given by

3
Eave =—2—(k - 1) -t 217* hops (2)

where kis the number of stages of switching nodes in the SN.

In addition to £,,., onc additional hop is needed to account for the time needed to route a packet
through the node and link connected to the destination host. Given this condition, the total number
of hops to route a packet from a source to a destination host is (E,.+ 1). Also, the packet duration,

1p +1, represents the time needed by a packet at the switching node (connected to the destination host)

1




to finish routing through this node after setup of the data path within the node. The resultant total

delay given by

Tior = (Eave + ] )(r,, + 15+ 111) + (rP + 1) time slots (3

anégthe total time that a packet occupies any internal network resources, Specifically, this value
is the average time from the insertion of the first bit of a packet into the switching node connected
to the source host, to the evacuation of the last bit of that packet from the switching node connected
to the destination host in the absence of contention. This valu e is different from the theoretical mean

routing delay

Tave = (Egye + 1)ty + 71,4 1,) time slots (4)
which is the average time needed for a packet to route from an y source to an y destination in the net-

work in the absence of contention.

The next parameter wc define is the average non-blocking network packet rate, C,,.. It specifics the
maximum number of packets per time slot that can be sent through the network in a non-blocking

fashion. It is given by

Snnp

Cave -~ — "7 — “packets/time slots . 5

This equation assu mcs that the traffic statistics arc suchthat packetson average will require E,,.
hops to reach their destination. If the traffic statistics are such that the majority of packets require
the maximum number of hops to reach their destination, then Eg. (5) must be modified to use the

maximum number of hopsE,,., as given by

Foma = 2k - 1. (6)
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For this case, we define the maximum non-blocking network packet rate, C,qy, by

Shnp

Crax - ~ packets/time dots, ()

(Emax + 1 )@y + 1p + 1) +(1p 4 1)
Therate at which packets are input from a host to one physica port of a switching nodeis given by
1/(xp+1). Cave and C,,.4x arc governed by the routing delay through the network plus the evacuation
time of packets from the destination node. The difference between these two rates is the reason why
an imbalance exists between the input capacity and the internal network capacity for any recirculat-
ing topology with asingle cylinder of node-to-node links. The SN topology minimizes E,,, and E,qx
(assuming no deflections) and is an ideal choice as a superset network architecture. MSN does not
minimize the number of hops for a given number of nodes and this is the reason that the MSN is not

aswell suited as the SN to this type of scaling scheme.

For the SN topology, the expected number of hops grows linearly with the number of stages of

switching nodes. By substituting Eq. (1) into Eq. (5), Cay. iS given by

Cave — ' " packets [time slots . (8)
tp + L) (Eawe + 1)ay+1p+ 1)+ (1) + 1

The total rate at which packets are input to al N nodes from their respective hosts is given by

Cin= ~— = 7- packets/time dots (9)

where N isjust the total number of switching nodes in the SN.

To match the non-blocking network packet rate to the input packet rate Cin» we want C,,, to be equal

to or larger than Cin- The ratio of Cue 10 Gipn iS
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Cave R
C

in

. (—ga\—e + 1) +(tp + 1)/[ry, + '51). + 1) (o)

and asimilar ratio can be written with G, and Cir,. Using the condition that these ratios must be
greater than or equal to one, we find the minimum number of cylinders, Rave (@nd Ryax), Needed

for non-blocking operation is

Raove 2 Egye + 14 (1p + 1)/t + 15 + 1) (11)

and

Rumax Z Emax + 1+ (1p + 1)/t + 154 15). (12)

Equations (11 ) and (12) specify the minimum number of cylinders nceded in terms of the average
(maximum) number of hops (for a given topology), the packet duration 7, the header detection time
11, Node setup and routing delay 1, and the node-to-node link delay ;.. From Eq. (11), we see that
Rave 1S proportional to the number of expected hops for a given topology. This term is the dominant
factor in Eq. (11) and is the motivation for desiring a topology which minimizes E,,. for agiven

nu mber of nodes.

5 Network Simulations

Wec performed simulations of the MCSN architecture used asa WAN. The internal routing within
the 3x3 nodes of Fig. 6 was implemented by Permutation Engines (PEs), which can perform non-
blocking routing of the packet asynchronous data that would occur in this environment. The remain-

der of this section is organized as follows. Section 5.1 discusses the construction of the multi-cylin-
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der SN model, Section 5.2 discusses several Ssimulation model parameters. Section 5.3 presents some

simulation results for the single and multi-cylinder SN architectures.

5.1 Simulation Model Definition

A 24-node MCSN was simulated using the SES/Workbench discrete event simulator [ 10]. The cur-
rent model alows for an MCSN with PE switching nodes [9] for control and routing of packets
through the SN. The model is composed of four layers. i) the traffic generator; ii) the protocol defini-

tion; iii) the network topology; and iv) the switching node mode,

The traffic generator selects source and destination hosts at random with equal probability. The
source node is the switching node connected to the source host; it receives new packets coming from
the source into the network. The destination node is the switching node connected to the destination
host; it removes packets which have finished routing from the network. Source nodes arc selected
from unused input links, while destination nodes are. selected without regard to existing traffic pat-

terns.

The user can specify the size of a message in terms of the number of packets. All packets are of fixed
length with the length being a uscf;\éelcctablc parameter. The generator sends out the message, one
packet at a time until the entire message has been sent. This mode of operation emulates an ATM

styleinterface in that @ message is broken down into smaller packets, each with its own header.

The three types of traffic patterns used — synchronous, skewed synchronous and asynchronous — arc
shown in Fig. 7. In thisfigure, the pulses represent the duration of one packet. ¥or Synchronous traf-
fic, packets arc injected into all switching nodes at the same time with a variable number of packet
time slots allotted between such injections to achicve the desired network loading. For skewed syn-

chronous traffic, single packetsare injected into the SN at regular packet time dot intervals. Asynch-
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ronous traffic is similar to skewed synchronous with adither of several bit intervals about the mean

injection points to simulate packet-asynchronous, bit-synchronous traffic.

The protocol definition layer specifies how packets are handled once a packet reaches an output port
of a switching node. A deflection protocol makes three possible decisions: i) if the current node is
the destination node and the host port is available, then route to the host; ii) if the current node is
the destination node and the host port is not available, then recirculate to the current node; and iii)
if the current node is not the destination node, then route to the next node, The first outcome results
in sending a packet out of the network to the host. The second outcome will result when contention
occurs at the destination node. Here, if the number of simultaneous packets which need to route to
the host cxceeds the number of output ports connected to the host, then one or more of these packets
is recirculated back into the node. The final outcome will route a packet to the next desired node or

deflect the packet to an undesired node.

The third layer of the model defines the interconnections between the switching nodes of the nct-
work. Thislayer defines the SN topology with the multi-cylinder augmentation. The topology layer
provides the perfect shuffle interconnection between stages of switching nodes, and implements the
routing agorithm (based on the packet header) for a single-cylinder SN as described in [5]. For the
multi-cylinder SN, it also specifies the range of node output ports associated with the up and down

output paths of a node in the single-cylinder SN.

The fourth layer of the model defines operation of the switching nodes of the network. This layer
implements the PE control scheme for routing and contention resolution of asynchronous packets.
The output of the topology layerdetermines which one of three types of output ports a packet desires.
These outputs arc the top and bottom network outputs (which go to other nodes), and the outputs

connected to the host as shown in Fig. 4. If two or more packets desire the same output port, one
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packet will use the primary output port for the desired output port type and the other packet(s) will
use one of the other output ports within the range for the output port type specified by the topology
layer. For a network output port, a packet will continue to the next desired node but on a different
cylinder of the network. For the host output port, the packet will either route to the host orbe recircu-

lated into the same node to try again.

The “Hot Potato” protocol in [5] is related to the protocol defined here and includes additional in-
formation about priority/age information in the packet header. This mechanism results in older pack-
ets having higher priority than newer packets when routing thi ough a switching node. Packets in our
SN model arc not tagged with priority/age information for two reasons: i) header modification is
difficult to do at gigabit/sec rates with optical signals; and ii) priority/age information is only useful
for packet synchronous traffic. This added complication to the protocol was omitted because the

switching nodes (and the network) arc designed for packet asynchronous traffic.

52  Simulation Model Parameters

Both single and multi-cylinder SNS were simulated to verify the operation of the PX switching
nodes, validate the SN simulation model, and assess the theo ctical limitations of the multi-cylinder
design approach. Tables 1and 2 present anaytical results from Egs. (11) and ( 12) for the smallest
integer value for the number of cylinders, R’, needed for non-blocking operation of 24 and 2048
node MCSNS. Here R corresponds to [ Rave 101 [ Ry 1fOr Euye and Fx respectively. We calculate
this bound for packet lengths of 1 and 45 bits. The or% hit packet represents the minimum size packet
and results in the fewest number of cylinders. These paranieters arc discussed in NO TAG for a
single cylinder SN with age/priority information in the packet header. The 45Abit packet is amore
practical casebecause it allows for 32 bits of header/data and 4-bit parity nibble with an 8-bit to

10-hit encoding scheme for fiber optic compatibility.
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InTable 1, k=3 t0 give E,,,=3.25 and E,,4,=5 from Egs. (2) and (6) respectively. In Table 2, k=8
to give E,,.=10.51 and E,,,,=15. In both tables, we assume 71 and 7;, are equal to one hit time. The
node delay t;, for a pair of cascaded permutation engines (PE) with J physical input portsis 2/ [9].
In this simulation wc assumed H+Q equal to R’, so there areatotal of J=3R’ input ports to the PE
and anode delay of 6R’ time slots. To solve for Ry, and Ry in Eqs. (1 1) and (12), we used a recur-
sive procedure in which we initially assume that the term with zp is negligible and use the average
and maximum number of hops to estimate R, and R,,,,, respectively. Taking the next largest integer
for R resultsin avaue for 7 which can then be used to reevaluateRave and R, with the packet

length term. The resultsin Tables 1 and 2 were arrived at after one or two such iterations.

Tables1and 2 show anayticaly that longer length packets require more cylinders to provide non-
blocking routing. Setting K’ for the average number of hops guarantees that the internal network has
the capacity to avoid blocking if packets require an average of E,,. hops. If al packets require&a
hops to reach their destination, morc cylinders to accommodate the maximum number of hops must
be used to avoid blocking. Table 2 shows asimilar set of results for a 2048-node MCSN. The
important point of comparison between these tables is the scaling of the routing delay through the
MCSN with respect to the network input capacity. The average (and maximum) routing delay is
directl y proportional to k and scales as log2N, where N is the number of nodes of the MCSN. From
these tables, wc sec that the input capacity increases by afactor of 85 times, while the routing delay

increases by only 5.7 times.

5.3  Simulation Results
Three different SN models were simulated to validate the MCSN concept, investigate the blocking
characteristics of the single—cylinder network versus the MCSN architecture, and assess the theoreti-

cal limitations of the multi-cylinder design approach. The three models consist of a single-cylinder
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64 node SN, and 5-cylinder and 6-cylinder 24 node MCSNs. All three models were simulated at
various |loading factors to determine the routing efficiencies for each configuration. Each simulation
for a given set of parameters was run until approximately 1000 packets were correctly routed to their
destinations. Figures 8 through 11 show the results of these simulations for synchronous and asynch-
ronous packets. In these figures, routing delay in slotsis plotted on the vertical axis and the average
number of slots between injections is plotted on the horizontal axis, where an injection is defined

asinsertion of one or more packets into the network, Tables 3 through 5 show additional results.

In these figures, each light bar represents the mean routing delay and each dark bar the maximum
routing delay for a given traffic load at the inputs of the network. In the smulation shown in Fig.
8, there were atotal of 24 hosts and 64 nodes. Each host generates packets at its maximum possible
rate for insertion into the network, thus only 24/64 or 37% of the total input capacity is utilized. In
Fig. 8, the 1cf§wst pair of bars depicts the mean and maximum delay, which increases without
bound at thissct of loading parameters. Similarly thelefg most pair of light and dark barsin Figs.
9 through 11 show the mean and maximum delay, for 24 hosts and 24 nodes, or when 100% of total

input capacity is utilized.

The reason for defining a dot as the unit delay element is that thesc results can be scaled for different
bit rates. If wc assume a data rate of 1.2gigabit/scc, for example, the ot timeis the reciprocal of
thisrate or 0.833 ng/slot. Hence in Figs. 10 and 11, for example, the maximum routing delay (for
atraffic load of 100% of network input bandwidth) is 0.833 ns/slot multiplied by a delay of 342 dlots
for an actual delay of 285 ns.

For a 64;\node SN, Eq. (2) gives a value of 4.62 for E,,. (the average number of hops a packet must
make to reach its destination). The average number of node (plus link) delays for a packet to route

correctly is .. +10r 5.62 for this case. This parameter is converted to slots by using the expression
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for the theoretical mean routing delay, Tave=(Fave+ 1 )(T+rp+11), With 7p=6 for the single-cylinder

SN and assuming Tu=t.= 1, Thus, the theoretical mean routing delay is 45 time siots.

For the single-cylinder 64-node SN with asynchronous packet traffic, Fig. 8 shows a mean delay of
51.5 dlots with 32 dlots pcr injection, which corresponds to 2% of network input capacity. For syn-
chronous traffic at this loading factor, this model resulted in a mean routing delay of 129,1 dots. At
9% of input capacity with asynchronous traffic, this model exhibited a mean routing delay of 1001.9
dots or 22 times the theoretical mean, and 1345.1 dots or 30 times the theoretical mean for synchro-
nous traffic. The maximum routing delay for asynchronous and synchronous traffic is 6395.5 and
7250 dlots respectively, or 100 and113 times the theoretical maximum routing delay without deflec-

tion.

As can bc seen from these results and Fig, 8, the single--cylinder configuration is highly susceptible
to packet deflection even at low network utilization. The routing delay when the number of slots per
injection is small (meaning high network utilization), is directly related to the length of the smula-

tion run. This situation is denoted by the arrows in Fig. 8 indicating that the routing delay for these

cases is potentially unbounded.

The most striking result of the 64-node simulationsis the large ratio of the maximum to mean rout-
ing delays even with light traffic loads. The reason for this situation is the blocking nature of the SN
topology and the fact that no age/priority mechanism is being used to minimize the deflection proba-
bility as a packet circulates through the network. Since « packet deflection results in an additional
k hops for ak—stage cyclic SN [6], a packet must avoid being deflected for at |east three consecutive
hops for a 24-node SN to reach itsfinal destination. The end resultis that scaling the network by

increasing the number of nodes to avoid packet deflection is not optimal.
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As can be seenin Fig. 8, atraffic load of 2% or more of network input capacity will increase the ratio
of maximum to mean routing delay by two or more. Herein lies the desire to provide multiple SN
cylinders. Since packet deflections will occur, by using multiple SN cylinders, even misrouted pack-

cts will still move closer to their destinations by using aternative paths in parallel to the desired path.

The results for the five-cylinder SN are shown in Fig. 9. At 100% of input capacity, the increas‘;e in
the maximum routing delay for this model increased by a factor of two. The performance of the five-
cylinder SN compared to the single-cylinder SN is significantly better duc to the additiona cylinders
of links. Note 4 in Fig. 9, however, shows that two packets were routed to the wrong destination host
a 100% of input capacity. This result occurred because onl y five cylinders were used instead of the

six required to match the input to network capacities.

By contrast the six—cylinder configuration results shown in Figs. 10 and 11, show only a50% in-
crease in the maximum routing delay through the network as the traffic load goes to 100% of the
input capacity of the network. For 1.2 gigabit/sec data rates, theend result is an increase in the inter-
na network routing delay from 0.19 ps to 0.28 us. The six--cylinder configuration matches the input
capacity of the network to the internal capacity of the network and avoids misrouting packets to the
wrong destination. By setting, the number of cylinders equal to or greater than this ratio, the network

has enough internal storage to hold the data in optical form until it reaches the destination node.

Tables3, 4 and 5 below summarize these results with network input |oading near 100% for the
24-node SNS. The results for the 64-node SNS correspond to loading at 20% and 70% of input capac-
ity for packet sizes of onc and 45 dlots respectively. The headings in these tables correspond to the
number of MCSN nodes and cylinders, the packet duration in dlots, and the theoretical and simulated
mean and maximum routing delays in slots, where the theoretical maximum routing delay is

T av=naxt 1)1+ 477.). AS can be seen from these tables, the network routing characteristics arc
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similar for all three types of traffic patterns used. The additional point to note from these tables is
the sengitivity of the single-cylinder SN to cell size. The maximum routing latencies shown for the
single--cylinder 64-node SN in these tables with 45-hit long packets are limited by the simulation

run time and arc potentially unbounded.

The results summarized in tables 3,4 and 5 assume H=R’ data paths to the host where R’<| Ry |
Hence for the 6--cylinder 24--node SN, each switching node has six links to output data to its host.
This particular mode! allows for up to six sources to send at 100% of the link rate to one destination

simultaneously without contention.

Figure 12 shows the increase in the routing delay for the six- cylinder MCSN as the number of output
data paths to a host is reduced from six to one. As can be seen in this figure, the routing delay in-
creases by about a factor of five as the number of data paths drops to one. Reducing the number of
data paths from six to three seems like a favorable tradeoff because the routing delay increases by
only 50% while the amount of receiver hardware is reduced by 50%. As above, these simulation
results used a uniform distribution to select unused inputs and any output (regardless of the current

traffic load) while utilizing almost 100% of the input capacity of the network.

6 Conclusions

The results presented in section 5.3 show that the multi-cylinder network can handle synchronous,
skewed synchronous and asynchronous types of traffic. For asingle— ylinder SN, the maximum
routing delay can be very large compared to the mean delay even at low network loading. This result
IS due to the high deflection probability of the single-cylinder SN. The MCSN, on the other hand,
can run at 100% input capacity with minimal routing delay due to input to network capacity match -
ing afforded by adding extra cylinders with dynamic interaction between all cylinders, Thisfully

interconnected multi-cylinder configuration is the essence of the MCSN.
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The above results also show that the MCSN has routing characteristics that are relatively unaffected
by the timing of traffic entering the network. This network property is very important for an all-opti-
cal data path WAN due to the difficulty in synchronizing optical packets as they enter the network

from geographically distributed sources.

The parameters which affect network performance include packet duration, expected number of
hops, node setup and routing delay, and node-to-node link delays. By proper selection of these pa-
rameters, traffic congestion in the network can be aleviated using extra routing cylinders to avoid
packet deflections. Furthermore, imbalances in the traffic pattern can be aleviated by using band-
width augmentation to allow multiple sources to send simultaneous packets to the same destination.
From Fig. 12, wc sce that using two links to transfer data from a switching node to its host nearly

halves the network routing delay compared to using only one link.

By using multiple routing cylinders and bandwidth augmentation, this architecture can handle traffic
loads up to 100% of network input capacity. If, however, fewer routing cylinders and/or output ports
arc desired (to reducc system cost), source throttling can be used to avoid congestion problems with-
in the network and at the output ports of the network. The MCSN has many design options to obtain
the desired performance as a function of network complexity. In the future, we will carry out ddi -

tional ssimulations to further characterize these relationships.
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9 List of Tables

Table 1. Performance of a 24-node SN (k=3 stages) with input capacity of 24 times the link BW.
Table 2. Performance of a 2048-node SN (k=8 stages) with input capacity of 2048 times the link BW.
Table 3. Asynchronous traffic comparison.

Table 4. Synchronous skewed traffic comparison.

Table 5. Synchronous traffic comparison.



Packet Average Maximum  |Node routing No. of SN
length no. of hops | no. of hops |delay cylinders
(time slots) (time slots)

Tp Eave Emax 199) R

1 3.25 - 30 5

l - 5 42 7

45 3.25 - 36 6

45 - 5 48 8

Table 1




Packet Average Maximum  |Node routing No. of SN
length no. of hops | mo. ©of hops |delay cylinders
(time slots) (time slots)
p Eave _Emax ™D R
1 10.51__ = 72 12
| - 15 102 17
45 10.51 - 78 13
45 - 15 108 18

Table 2



No. affnnoges Cylinders |t sizé  |Mean delay| Max delay |Mean delay|Max delay
R’ __ Tave Tmax
Theoretical Simulation
241 5 1 136 “o 130.6 288
6424 1 1 45 64 140.0 690
041 6 45 161.5 228 159.4 342
6434 1 45 45 64 207.2 | 1497

Notes: 1 )These results are at max input capacity for 24~node SN.
2) Thiscaseisat 9% of input capacity for a 64-node SN.
3) Thiscaseisat 7096 of input capacity for a 64- node SN.
4) These cases have traffic. misrouted to wrong destination.

Table3 Asynchronous traffic comparison.




No. of nodes| Cylinders | Pkt size |Mean daktd Max delay |[Mean delay |Max delay
R Tave Tmax
Theoretical Simulation
241 5 1 136 | 192 134.5 192
6424 1 1 45 | 64 131.4 719.6
241 6 45 161.5 228 162.6 342
643,4 1 45 4 | 64 174.7 1855

Notes: I)These. results are at rnax input capacity for 24—node SN.
2) This caseis at 9% of input capacity for a 64--node SN.

3) Thiscaseis at 70% of input capacity for a 64—node. SN.
4) These cases have traffic misrouted to wrong destination.

Table 4 Synchronous skewed traftic comparison.




No. of nodes| Cylinders | F¥t size |Mean didtey| Max delay|Mean delay | Max delay
R Tave Tmax
Theoretical Simulation
241 5 1 36 192 135.3 224
6424 1 1 45 64 137.1 721.7
041 6 45 161,5 228 162,4 342
6434 1 45 45 64 283.5 1686

Notes: )) These results are at max input capacity for 24- node SN.
2) This caseis at 9% of input capacity for a 64 —node SN.

3) This caseis at 70% of input capacity for a 64— node SN.
4) These. cases have traffic misrouted to wrong destination.

Table 5 Synchronous traffic comparison.




10 List of Figures
Figure 1. Packets in serid and wavelength parallel signal formats
Figure 2. Manhattan Street Network with 3x3 crossbars.

Figure 3.3 stage on~cga/shuffle exchange network. The squares are 2x2 crosshars. Data flows from

input ports at the left to output ports at theright.
Figure 4. Single-cylinder SN node with three ports at each node.
Figure 5. 8-node ShufflcNet.

Figure 6. MCSN switchingnode. This node is similar to the node inFig. 4 but with 2R data paths

between nodes, H outputs to the host, and ¢ recirculating links for dynamic storage.

Figure 7. Simulation traffic patterns. Each pulse represents one packet, and bits within a packet are

assumed to be time synchronized.

Fig. 8. Routing delay for a single-cylinder 64—-Node SN with packet asynchronous traffic.
Fig, 9. Routing delay for afive-cylinder 24-Node SN with packet asynchronous traffic.
Fig. 10. Routing dclay for a six-cylinder 24-Node SN with packet asynchronous traffic.
Fig. 11. Routing delay for a six-cylinder 2A--Node SN with packet synchronous traffic.

Fig. 12. Routing delay fora six-cylindcr24--Nodc SN with packet asynchronous traffic as a function

of data paths to the host (H).
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